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SYNTHESIS AND CHARACTERIZATION OF ELECTRICALLY 
CONDUCTIVE POLYPYRROLE-POLY(ACRYLONITRILE-CO-STYRENE) 
COMPOSITES; NANOFIBER FORMATION  
SUMMARY 
This study can be categorized into two parts. The first part aims to synthesis new 
polymeric nanocomposite materials which can be used for electromagnetic 
interference shielding and absorbent panel applications. Emulsion polymerization of 
acrylonitrile (AN) and styrene (St) initiated by potassium persulfate (KPS) in the 
aqueous medium was performed and polypyrrole (PPy)/poly(acrylonitrile-co-
styrene) (SAN) composite thin films were prepared by chemical polymerization of 
pyrrole in the presence of the poly(acrylonitrile-co-styrene) matrix. Effect of 
concentration of initially added pyrrole content on the properties of resulting 
polymeric film was investigated. The influence of the pyrrole content on the 
dielectric permittivity, dielectric loss and electrical properties of the composite films 
were analyzed in the frequency range from 0.01 Hz to 10 MHz. By the increase in 
the amount of pyrrole in the composite film, AC conductivity, dielectric constants 
and dielectric loss increased. Spectroscopic, morphologic and thermal chracterization 
of composite films were performed by FTIR-ATR, UV-Visible spectrometer, X-Ray 
photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), atomic 
force microscopy (AFM) and thermal gravimetric analyzer (TGA). 
The second aim was to obtain PPy-SAN based nanofibers for use new generation 
products such as electrostatic discharge, sensors application in textile industry. The 
oxidative polymerization of pyrrole (Py) by cerium (IV) on the poly(acrylonitrile-co-
styrene) copolymer matrix was performed. Nanofibers were obtained from this 
solution by electrospinning method.The properties of nanofibers were evaluated by 
FTIR-ATR spectroscopy, UV-Visible spectrometer, thermal gravimetric analyzer 
and scanning electron microscopy. A new absorption band was observed 
corresponding the CH in plane vibration of polypyrrole by FTIR-ATR analysis. A 
linear relationship was determined between the absorbance ratios of functional 
groups corresponding to the conjugated polymeric units and initial Py concentration.  
Scanning electron microscope images indicated that the diameters of nanofibers were 
dependent on PPy content and that the average nanofiber diameters were reduced by 
increasing the initially added Py content. 
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İLETKEN POLİPİROL-POLİ(AKRİLONİTRİL-KO-STİREN) ESASLI 
KOMPOZİT SENTEZİ VE KARAKTERİZASYONU; NANO LİF ELDESİ 
ÖZET 
Bu çalışma iki bölümden oluşmaktadır. Birinci bölümde, elektromanyetik kalkan ve 
absorban panel uygulamalarında kullanılmak üzere yeni, polimerik nanokompozit 
malzemeler sentezlemek amaçlanmıştır. Akrilonitril ve stirenin emulsiyon 
polimerizasyonu, potasyum persulfat başlatıcısı kullanılarak su ortamında yapılmış 
ve Polipirol (PPy)/poli(akrilonitril-ko-stiren) (SAN) kompozit ince filmleri, pirolun 
poli(akrilonitril-ko-stiren) matrisinde kimyasal polimerizasyonu ile hazırlanmıştır. 
Başlangıçta eklenen pirol konsantrasyonunun elde edilen polimerik film özellikleri 
üzerindeki etkisi araştırılmıştır. Pirol miktarının, kompozit filmlerin dielektrik 
geçirgenliği, dielektrik kaybı ve elektriksel özellikleri üzerindeki etkisi 0.01 Hz ile 
10 MHz frekans aralığında analiz edilmiştir. Kompozit film içerisindeki pirol 
miktarının artması ile AC iletkenlik, dielektrik sabitleri ve dielektrik kaybı artmıştır. 
Kompozit filmlerin spektroskopik, morfolojik ve termal karakterizasyonu FTIR-
ATR, UV-Görünür bölge spektrometresi, X-Ray foto elektron spektroskopisi (XPS), 
taramalı elektron mikroskobu (SEM), atomik kuvvet mikroskobu (AFM) ve 
termogravimetrik analiz cihazı (TGA) ile yapılmıştır. 
Çalışmanın ikinci bölümünde, tekstil endüstrisinde yeni nesil ürünlerde elektrostatik 
deşarj, sensor gibi uygulama alanlarında kullanılmak üzere polipirol/poli(akrilonitril-
ko-stiren) bazlı nano liflerin eldesi amaçlanmıştır. Pirolun poli(akrilonitril-ko-stiren) 
kopolimer matrisinde oksidatif polimerizasyonu gerçekleştirilmiş ve bu çözeltiden 
elektrospin metodu ile nano lifler elde edilmiştir. Nano liflerin özellikleri FTIR-ATR 
spektroskopisi, UV-Görünür bölge spektrometresi, termogravimetrik analiz cihazı 
(TGA) ve taramalı elektron mikroskobu (SEM) yardımıyla değerlendirilmiştir. FTIR-
ATR analizi sonucu polipirol oluşumundan sonra polipirola ait CH pikinin titreşimi 
elde edilmiştir. Bu gruba ait pikin polipirol oluşumunu bağlı olarak, başlangıçta 
eklenen pirol miktarı ile lineer bir ilişki olduğu belirlenmiştir. Taramalı elektron 
mikroskop görüntüleri nano liflerin çaplarının polipirol miktarına bağlı olduğunu ve 
ortalama nano lif çaplarının başlangıçta eklenen pirol miktarının artması ile 
azaldığını göstermiştir. 
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1.  INTRODUCTION 
Conducting polymers can exhibit significant levels of electrical conductivity suitable 
for use in electronic devices, batteries, antistatic coatings, electromagnetic 
interference (EMI) shielding, electrochromic devices, optical switching devices, 
sensors, and so on [1]. Amoung the conducting polymers, polypyrrole (PPy) is one of 
the most investigated due to its high electrical conductivity and its relatively good 
environmental stability and low toxicity [2]. However, PPys are brittle, insoluble and 
infusible depend on the delocalized p-bonds along their macromolecular chains and 
hence inprocessible [3]. This led to intensive research such as modification of the 
monomer structure, the utilization of a soluble precursor, and the formation of a 
blend or composite have been introduced to enhance processability [4-6]. The 
composite formation is one of the simplest methods for providing the processability 
of a conducting polymer. However, a conducting polymer exhibits poor 
compatibility with common polymers due to chain rigidity originated from an 
extended conjugate double bond. In the case of a conducting composite prepared by 
the simple coating of conducting polymers onto the surface of the matrix polymer, 
any interaction between the two components usually does not exist and the 
conducting polymer can be easily removed from the matrix polymer by repeated 
friction to result in the ultimate failure of the electrical property. In this regard, it 
should be stressed that the interaction between the two components should exist in 
order to provide the desirable properties [7]. To prepare conducting composite films, 
electrochemical and chemical methods are mostly used. According to literature, 
polypyrrole-polyethylene glycol (PPy-PEG) conducting polymer composite films 
was synthesized by electrochemically from an aqueous pyrrole solution containing p-
toluene sulfonate dopant and polyethylene glycol [8]. Impregnation of pyrrole on a 
polyacrylonitrile (PAN) film was studied [7]. Electrostatic interaction is increased by 
incorporating a small amount of a sulfonate (SO3
-
) or a carboxylate (COO
-
) group 
into the PAN structure resulting a better electrical conductivity and morphological 
property. Poly(acrylonitrile-co-styrene sulfonate) was used as a matrix in order to 
enhance the electrostatic interaction with PPy [9]. The anion-containing matrix 
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provided better electrical conductivity and stability than PAN. Another research 
group have studied composite made by dispersing the high conductivity PPy particles 
in the insulating matrix of polystyrene (PS) [10]. 
The first part of this study, conducting poly(acrylonitrile-co-styrene) 
(SAN)/polypyrrole (PPy) composite thin film (Figure 1.1) was prepared by the 
oxidative polymerization of pyrrole (Py) on SAN matrix where the emulsion 
polymerization of acrylonitrile and styrene initiated by potassium persulfate (KPS) in 
aqueous media. We investigated the effect of initially added Py content on 
spectroscopic, thermal, morphology and conducting properties of PPy/SAN 
composites. Unlike the literature, Ce(IV) was used firstly as an oxidant in order to 
polymerize pyrrole under in-situ condition on SAN matrix, which had advantage 
over the impregnation method. Due to high oxidation potential of oxidant and ionic 
interaction between PPy and SAN matrix, the conductive particles were dispersed 
homogeneously into the polymer matrix. 
The second part of this study, the electrospinning method was applied to produce 
PPy-P(AN-co-St) composites  in a very homogeneously dispersed solution medium. 
The effect of the PPy content on the resulting nanofiber composites is characterized 
by spectroscopic, morphological, and thermal measurement methods. 
 
Figure 1.1 : Schematic view of interaction between PPy-SAN. 
 
3 
2.  THEORETICAL PART 
2.1 Discovery of Conducting Polymers 
Conducting polymers have been around since the latter half of the last century. 
Indeed many of the 'new' conducting polymers are prepared by synthetic routes 
which are decades old but which were discarded at the time of their original 
discovery because they only produced black, intractable powders. The first step on 
their route to scientific respectability came in the 1950s when Natta polymerised 
acetylene using the catalyst which is used to produce polyethylene and 
polypropylene. The real breakthrough came in 1971 with a means of making thin 
films of the polymer. These films were grown on surfaces wetted by a very 
concentrated solution of the same catalyst used by Natta. Films are far better than 
powders both for the investigation of fundamental properties and for applications. 
Even though it turned out that these films were in fact fibrillar materials made up of 
20 nm fibres and two-thirds void space, a critical advance had been made. 
Conducting polymers became a hot scientific field of research. The final part of their 
elevation to scientific respectability came in 1976 with the discovery that oxidation 
and reduction could increase the conductivity of polyacetylene films up to metallic 
levels, with conductivities of 1000 Scm
-
 being reported. Since the conductivity of the 
pristine material was around l0
-9
 Scm
-
, the conductivity of polyacetylene could be 
varied over 12 orders of magnitude, from insulator, through semiconductor, to metal 
[11]. The unexpected discovery not only broken a traditional concept, which organic 
polymers were only regarded as the insulators, but also establishing a new field of 
conducting polymers, which also called as „Synthetic Metals‟[12]. 
 
Figure 2.1 : Molecular structure of polyacetylene. 
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After discovery of conductive PA by iodine doping, other π-conjugated polymers, 
such as polypyrrole (PPy), polyaniline (PANI), polythiophenes (PTH), poly(p-
phenylene) (PPP), and poly(p-phenylenevinylene) (PPV) have been reported as 
conducting polymers, which molecular structure is shown in Figure 2.2 [12]. 
 
Figure 2.2 : Molecular structure of typical conducting polymers. 
2.2 Application of Conducting Polymers 
There are two main groups of applications for these polymers. The first group 
utilizes their conductivity as its main property. The second group utilizes their 
electroactivity. The extended π-systems of conjugated polymer are highly susceptible 
to chemical or electrochemical oxidation or reduction. These alter the electrical and 
optical properties of the polymer, and by controlling this oxidation and reduction, it 
is possible to precisely control these properties. Since these reactions are often 
reversible, it is possible to systematically control the electrical and optical properties 
with a great deal of precision. It is even possible to switch from a conducting state to 
an insulating state. 
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2.2.1 Application that utilizes conductivity 
These applications uses just the polymer's conductivity. The polymers are used 
because of either their light weight, compatibility for ease of manufacturing or cost. 
By coating an insulator with a very thin layer of conducting polymer it is possible to 
prevent the buildup of static electricity. This is particularly important where such a 
discharge is undesirable. Such a discharge can be dangerous in an environment with 
flammable gasses and liquids and also in the explosives industry. In the computer 
industry the sudden discharge of static electricity can damage microcircuits. This has 
become particularly acute in recent years with the development of modern integrated 
circuits. To increase speed and reduce power consumption, junctions and connecting 
lines are finer and closer together. The resulting integrated circuits are more sensitive 
and can be easily damaged by static discharge at a very low voltage. By modifying 
the thermoplastic used by adding a conducting plastic into the resin results in a 
plastic that can be used for the protection against electrostatic discharge [13]. 
By placing monomer between two conducting surfaces and allowing it to polymerise 
it is possible to stick them together. This is a conductive adhesive and is used to stick 
conducting objects together and allow an electric current to pass through them. 
Many electrical devices, particularly computers, generate electromagnetic radiation, 
often radio and microwave frequencies. This can cause malfunctions in nearby 
electrical devices. The plastic casing used in many of these devices are transparent to 
such radiation. By coating the inside of the plastic casing with a conductive surface 
this radiation can be absorbed. This can best be achieved by using conducting 
plastics. This is cheap, easy to apply and can be used with a wide range of resins. 
The final finish generally has good adhesion, gives a good coverage, thermally 
expands approximately the same as the polymer it is coating, needs just one step and 
gives a good thickness [13]. 
Many electrical appliances use printed circuit boards. These are copper coated 
epoxy-resins. The copper is selectively etched to produce conducting lines used to 
connect various devices. These devices are placed in holes cut into the resin. In order 
to get a good connection the holes need to be lined with a conductor. Copper has 
been used but the coating method, electroless copper plating, has several problems. It 
is an expensive multistage process, the copper plating is not very selective and the 
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adhesion is generally poor. This process is being replaced by the polymerisation of a 
conducting plastic. If the board is etched with potassium permanganate solution a 
thin layer of manganese dioxide is produced only on the surface of the resin. This 
will then initiate polymerisation of a suitable monomer to produce a layer of 
conducting polymer. This is much cheaper, easy and quick to do, is very selective 
and has good adhesion [14]. 
Due to the biocompatability of some conducting polymers they may be used to 
transport small electrical signals through the body, i.e. act as artificial nerves. 
Perhaps modifications to the brain might eventually be contemplated
 
[15]. 
Weight is at a premium for aircraft and spacecraft. The use of polymers with a 
density of about 1 g cm
-1
 rather than 10 g cm
 -1
 for metals is attractive. Moreover, the 
power ratio of the internal combustion engine is about 676.6 watts per kilogramme. 
This  compares to 33.8 watts per kilogramme for a battery-electric motor 
combination. A drop in magnitude of weight could give similar ratios to the internal 
combustion engine [15]. Modern planes are often made with light weight composites. 
This makes them vulnerable to damage from lightning bolts. By coating aircraft with 
a conducting polymer the electricity can be directed away from the vulnerable 
internals of the aircraft. 
2.2.2 Application that utilizes electroactivity 
Molecular electronics are electronic structures assembled atom by atom. One 
proposal for this method involves conducting polymers. A possible example is a 
modified polyacetylene with an electron accepting group at one end and a 
withdrawing group at the other. A short section of the chain is saturated in order to 
decouple the functional groups. This section is known as a 'spacer' or a 'modulable 
barrier'. This can be used to create a logic device. There are two inputs, one light 
pulse which excites one end and another which excites the modulable barrier. There 
is one output, a light pulse to see if the other end has become excited. To use this 
there must be a great deal of redundancy to compensate for switching 'errors' [16]. 
Depending on the conducting polymer chosen, the doped and undoped states can be 
either colourless or intensely coloured. However, the colour of the doped state is 
greatly redshifted from that of the undoped state. The colour of this state can be 
altered by using dopant ions that absorb in visible light. Because conducting 
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polymers are intensely coloured, only a very thin layer is required for devices with a 
high contrast and large viewing angle. Unlike liquid crystal displays, the image 
formed by redox of a conducting polymer can have a high stability even in the 
absence of an applied field. The switching time achieved with such systems has been 
as low as 100 s but a time of about 2 ms is more common. The cycle lifetime is 
generally about 10
6
 cycles. Experiments are being done to try to increase cycle 
lifetime to above 10
7
 cycles [16]. 
The chemical properties of conducting polymers make them very useful for use in 
sensors. This utilizes the ability of such materials to change their electrical properties 
during reaction with various redox agents (dopants) or via their instability to 
moisture and heat. An example of this is the development of gas sensors. It has been 
shown that polypyrrole behaves as a quasi 'p' type material. Its resistance increases in 
the presence of a reducing gas such as ammonia, and decreases in the presence of an 
oxidizing gas such as nitrogen dioxide. The gases cause a change in the near surface 
charge carrier (here electron holes) density by reacting with surface adsorbed oxygen 
ions
 
[15]. Another type of sensor developed is a biosensor. This utilizes the ability of 
triiodide to oxidize polyacetylene as a means to measure glucose concentration. 
Glucose is oxidized with oxygen with the help of glucose oxidase. This produces 
hydrogen peroxide which oxidizes iodide ions to form triiodide ions. Hence, 
conductivity is proportional to the peroxide concentration which is proportional to 
the glucose concentration
 
[13]. 
Probably the most publicized and promising of the current applications are light 
weight rechargeable batteries. Some prototype cells are comparable to, or better than 
nickel-cadmium cells now on the market. The polymer battery, such as a 
polypyrrole-lithium cell operates by the oxidation and reduction of the polymer 
backbone. During charging the polymer oxidizes anions in the electrolyte enter the 
porous polymer to balance the charge created Simultaneously, lithium ions in 
electrolyte are electrodeposited at the lithium surface. During discharging electrons 
are removed from the lithium, causing lithium ions to reenter the electrolyte and to 
pass through the load and into the oxidized polymer. The positive sites on the 
polymer are reduced, releasing the charge-balancing anions back to the electrolyte. 
This process can be repeated about as often as a typical secondary battery cell
 
[13]. 
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Conducting polymers can be used to directly convert electrical energy into 
mechanical energy. This utilizes large changes in size undergone during the doping 
and dedoping of many conducting polymers. This can be as large as 10%.  
Electrochemical actuators can function by using changes in a dimension of a 
conducting polymer, changes in the relative dimensions of a conducting polymer and 
a counter electrode and changes in total volume of a conducting polymer electrode, 
electrolyte and counter electrode. The method of doping and dedoping is very similar 
as that used in rechargeable batteries discussed above. What is required are the 
anodic strip and the cathodic strip changing size at different rates during charging 
and discharging. The applications of this include  microtweezers, microvalves, 
micropositioners for microscopic optical elements, and actuators for 
micromechanical sorting (such as the sorting of biological cells)
 
[16]. 
One of the most futuristic applications for conducting polymers are 'smart' structures. 
These are items which alter themselves to make themselves better. An example is a 
golf club which adapt in real time to a persons tendency to slice or undercut their 
shots. A more realizable application is vibration control [16]. Smart skis have 
recently been developed which do not vibrate during skiing. This is achieved by 
using the force of the vibration to apply a force opposite to the vibration. Other 
applications of smart structures include active suspension systems on cars, trucks and 
train; traffic control in tunnels and on roads and bridges; damage assessment on 
boats; automatic damping of buildings and programmable floors for robotics [16]. 
2.3 Conduction Mechanism and Doping Concept 
2.3.1 Band theory 
The electrical properties of any material are determined by their electronic structure. 
The electrical conductivities of materials allow them to be classified into three 
groups called conductors, semiconductors and insulators (Figure 2.3). The most 
reasonable explanation of electronic structure of materials is achived by the band 
theory. Quantum mechanics stipulates that the electrons of an atom can only have 
specific or quantized energy levels. However, in the lattice of a crystal, the electronic 
energy of individual atoms is altered. When the atoms are closely spaced, the energy 
levels are form bands. 
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Figure 2.3 : Conductivity scale of conducting polymer and other materials. 
The highest occupied electronic levels constitute the valance band  and the lowest 
unoccupied levels, the conduction band (Figure 2.4). The electrical properties of 
conventional materials depend on how the bands are filled. When bands are 
completely filled or empty no conduction is observed. If the band gap is narrow, at 
room temperature, thermal excitation of electrons from the valence band to the 
conduction band gives rise to conductivity. This is what happens in the case of 
classical semiconductors. When the band gap is wide, thermal energy at room 
temperature is insufficient to excite electrons across the gap and the solid is an 
insulator. In conductors, there is no band gap since the valence band overlaps the 
conduction band and hence their high conductivity [17]. 
 
Figure 2.4 : Energy band in solid. 
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2.3.2 Structural characteristics and doping concept 
As we mentioned before, PA is the simplest model system for conjugated polymers 
and is also the first sample for a polymer being conducting polymers, indicating π-
conjugated polymer chain is a basic requirement for a polymer becoming conducting 
polymer. The delocalization of π-bonded electrons over the polymeric backbone, co-
existing with unusual low ionization potentials, and high electron affinities lead to 
special electrical properties of conducting polymers [18]. On the other hand, π-
conjugated chain of conducting polymers leads to insoluble and poor mechanical 
properties of conducting polymers, limiting their application in technology. Thereby 
continue effort to improve solubility and to enhance mechanic strenght of conducting 
polymers is needed. As above described, the transition of π-conjugated polymer from 
insulator to metal is carried out by a „doping‟ process. However, the „dopoing‟ item 
used in conducting polymers differ significantly from traditional inorganic 
semiconductor [19]. Differences in „doping‟ item between inorganic semiconductors 
and conducting polymers are shown as follows : 
(a) Intrinsic of doping item in conducting polymers is an oxidation (p-type doping) or 
reduction (n-type doping) process, rather than atom replacement in inorganic 
semiconductors. Using PA as a sample, for instance, the reaction of p- and n- doping 
is written as : 
Oxidation with halogen (p doping): [CH]n  +  3x/2I2          [CH]n
x+
 + xI3
-
             (2.1) 
Reduction with alkali metal (n doping): [CH]n + xNa         [CH]n
x-
 + xNa
+
           (2.2) 
(b) p-doping (withdrawing electron from polymeric chain) or n-doping (additing 
electron into polymeric chain) in conducting polymers can be acquired and 
consequently accompained with incorporation of counterion, such as cation for p-
doping or anion for n-doping, into polymer chain to satisfy electrical nature. In the 
case of oxidation, taking PA as a sample again, the iodine molecule attracts an 
electron from the PA chain and becomes I3
-
. The PA molecule, now positively 
charged, is termed a radical cation. Based on above description, therefore, 
conducting polymers not only consist of π-conjugated chain, but also containing 
counter-ions caused by doping. This differs from conventional inorganic 
semiconductors, where the counterions are absent. The special chain structure of 
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conducting polymers results in their electrical properties being affected by both 
structure of polymeric chain (i.e. π-conjugated length) and dopant nature. Doping 
process can be completed through chemical or electrochemical method. Except for 
chemical or electrochemical doping, other doping methods, such as „photo-doping‟ 
and „charge-injection doping‟, are also possible. For instance solar cells is based on 
„photo-doping‟ whereas light emitting diodes (LEDs) results from „charge-injection 
doping‟, respectively. Besides, „proton doping‟ discovered in PANI is an unusual and 
efficient doping method in conducting polymers. The proton doping does not involve 
a change in the number of electrons associated with polymer chain that is different 
from redox doping (e.g. oxidation or reduction doping) where the partial addition 
(reduction) or removal (oxidation) of electrons to or from the π system of the 
polymer backbone took place [12]. 
(c) The insulating π-conjugated polymers can be converted to conducting polymers 
by a chemical or electrochemical doping and which can be consequently 
recombacked to insulate state by de-doping. This suggest that not only de-doping can 
take place in conducting polymers, but also reversible doping/de-doping process, 
which is different from inorganic semiconductor where de-doping can‟t take place. 
As a result, conductivity of the conducting polymers at room temperature covers 
whole insulator-semiconductor-metal region by changing doping degree as shown in 
Figure 2.3. On the contrary, those process are impossible to take place in inorganic 
semiconductors [12].  
(d) The doping degree in inorganic semiconductor is very low (~tenth of thousand) 
whereas doping degree in conducting polymers can be achieved as high as 50%. So 
electron density in a conducting polymer is higher than that of inorganic 
semiconductor; however, the mobility of charge carriers is lower than that of 
inorganic semiconductor due to defects or poor crystalline [12].  
(e) Conducting polymers mostly composed of C, H, O and N elements and their 
chain structure can be modified by adding substituted groups along the chain or as 
the side chains that result in conducting polymers reserving light-weight and 
flexibility of conventional polymers. Based on above descriptions, conducting 
polymers are intrinsic rather than conducting plasters prepared by a physical mixture 
of insulating polymers with conducting fillers (e.g. carbon or meter) [30]. The 
differences of the conducting plastics from conducting polymers also exhibit as 
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follows: one is the conductivity of conducting plasters increases suddenly at a 
percolation threshold, at which the conductive phase dispersed in the non-conductive 
matrix becomes continuous, while conductivity of the conducting polymers increases 
with increase of the doping degree. Another is the conductivity of the conducting 
plastics is lower than that the doped conducting polymers, for instance, their 
conductivity of the conducting plastics above percolation threshold is only 0.1 - 0.5 
S/cm at 10 wt% - 40 wt% fractions of the conductive filler. In addition, the position 
of the percolation threshold is affected by particle size and shape of filler [12]. 
2.3.3 Charge carriers and conducting mechanism 
As is well known, conductivity (σ), as measured by a four-probe method, is an 
important property for evaluation of conducting polymers. Usually σ is expressed as 
neµ, where e is charge of electron, n and µ are density and mobility of charge 
carriers, respectively [12]. The doping concept in the conducting polymers 
completely differs from inorganic semiconductors, as above-described, leading to a 
significant difference in electrical properties between conducting polymers and 
inorganic semiconductors, which are summarized as follows: 
(a) Inorganic semiconductor process few charge carriers, but these carries have high 
mobility due to the high crystalline degree and purity presented by these materials. 
On the contrary, conducting polymers have a high number of charge carriers due to a 
large doping degree (>50%), but a low mobility attributed to structural defects [12]. 
(b) A free-electron is regarded as a charge carrier in a metal; and temperature 
dependence of the conductivity for a metal increases with decreasing temperature. 
On the other hand, electron or hole is assigned as a charge carrier in an inorganic 
semiconductor and the electrical properties of semiconductors are generally 
dominated by minion charge carrier (electron or hole) produced by n- or p-type 
doping. Charge transport in a semiconductor is described by a band model, which the 
electrical properties are dominated by the width of the energy gap, which is defined 
as a difference in energy between the valence band and conducting band, as 
presented by Eg . The charge transport in semiconductor can be therefore expressed 
by following equation, 
σ(T) = σo(- ΔΕ/κΤ)                                                                                                 (2.3) 
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where σ0 is a constant, ∆E the activation energy, κ the Borthman constant, T the 
temperature, respectively [12]. For a conducting polymer, solitons, polarons and 
bipolarons are proposed to interpret enhancement of conductivity of π- conjugated 
polymers from insulator to metal regime via a doping process [20, 21, 22, 23]. 
Usually, soliton is served as the charge carrier for a degenerated conducting polymer 
(e.g. PA) whereas polaron or bipolaron is used as charge carrier in a non-degenerated 
conducting polymer (e.g. PPy and PANI). The model assumed that soliton can move 
along the PA backbone carrying charge but no spin (spinless), and if an electron is 
added to the action or taken away from the anion, a neutral radical soliton is again 
established. In a mechanism involving solitons, electron conduction involves only 
fully occupied bands in the ground state and leads to formation of a half-occupied 
electronic level (one electron) within the gap. Theoretical models also demonstrate 
that two radical ions (polarons) react exothermically to produce a dication or dianion 
(bipolaron). The polaron is thermodynamically more stable than two polarons due to 
electronic repulsion exhibited by two charges confined in the same site and cause 
strong lattice distortions. Meanwhile, polaron is spin whereas bipolaron is spinless. 
As a result, polaron and bipolaron can be distinguished by means of electron spin 
response (ESR). Schematic positive polaron and bipolaron as two positive polarons 
in PTH are as shown in Figure 2.5. The chemical term, charge and spin for soliton, 
polaron and bipolaron are also given in Table 2.1. 
 
Figure 2.5 : Schematic structure of (a) a positive polaron, (b) a positive bipolaron, 
and (c) two positive bipolarons in polythiophenes [12]. 
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Thus charge carrier (i.e. soliton, polaron and bipolaron) in conducting polymers is 
different from either free-electron in a metal or electron/hole in an inorganic 
semiconductor. It should point out that the item of soliton, polaron and bipolaron is 
only used to interpret the electronic motion along the segment of polymeric chain 
[12]. 
Table 2.1 : Chemical term, charge and spin of soliton, polaron and bipolaron in 
conducting polymers [12]. 
 
2.3.4 Hopping process 
As we mentioned above, the conductivity of conjugated polymers is increased by 
doping, which introduces topological defects (polarons and bipolarons) along the 
polymer chains. The overall system is kept neutral by counterions, pinned to the 
macromolecular charged defects. Charge transport occurs in these systems by 
carriers both moving along the macromolecular chains (intra-molecular conduction) 
and hopping between different chains (inter-molecular conduction). Recent results 
evidenced the occurrence in many systems of “transverse” bipolarons, enhancing the 
inter-chain transport, with a transition from 1-D (anisotropic) to isotropic 3-D 
hopping [24]. 
Carrier Nature Chemical term Charge Spin 
Positive Soliton Cation +e 0 
Negative Soliton Anion -e 0 
Neutral Soliton Neutral Radical 0 1/2 
Positive Polaron (hole polaron) Radical Cation +e 1/2 
Negative Polaron (electron polaron) Radical Anion -e 1/2 
Positive Bipolaron Dication +2e 0 
Negative Bipolaron Dianion -2e 0 
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2.4 Composites 
A composite is a structural material that consists of two or more combined 
constituents that are combined at a macroscopic level. One constituent is called the 
reinforcing phase and the one in which it is embedded is called the matrix. The 
reinforcing phase material may be in the form of fibers, particles, or flakes. The 
matrix phase materials are generally continuous. Examples of composite systems 
include concrete reinforced with steel and epoxy reinforced with graphite fibers, etc 
[25]. Typically, reinforcing materials are strong with low densities while the matrix 
is usually a ductile, or tough, material. If the composite is designed and fabricated 
correctly, it combines the strength of the reinforcement with the toughness of the 
matrix to achieve a combination of desirable properties not available in any single 
conventional material [26]. Composites are classified by the geometry of the 
reinforcement - particulate, flake, and fibers (Figure 2.6) - or by the type of matrix -
polymer, metal, ceramic, and carbon [25]. 
 
Figure 2.6 : Types of composites based on reinforcement shape [25]. 
2.4.1 Polymer matrix composite 
The most common advanced composites are polymer matrix composites (PMCs) 
consisting of a polymer (e.g., epoxy, polyester, urethane) reinforced by thin diameter 
fibers (e.g., graphite, aramids, boron), metals, ceramics and so on. For example, 
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graphite/epoxy composites are approximately five times stronger than steel on a 
weight-for-weight basis. The reasons why they are the most common composites 
include their low cost, high strength, and simple manufacturing principles [25]. They 
are designed and manufactured for various applications including automotive 
components, sporting goods, aerospace parts, consumer goods, and in the marine and 
oil industries.  
The matrix material used in polymer-based composites can either be thermoset 
(epoxies, phenolics) or thermoplastic resins (low density polyethylene, high density 
polyethylene, polypropylene, nylon, acrylics). The filler or reinforcing agent can be 
choosen according to the desired properties. The properties of polymer matrix 
composites are determined by properties, orientation and concentration of fibers and 
properties of matrix.  
The matrix has various functions such as providing rigidity, shaping the structure by 
transfering the load to fiber, isolating the fiber to stop or slow the propagation of 
crack, providing protection to reinforcing fibers against chemical attack and 
mechanical damage (wear), and affecting the performance characteristics such as 
ductility, impact strength, etc. depending on its type. The failure mode is strongly 
affected by the type of matrix material used in the composite as well as its 
compatibility with the fiber. The important functions of fibers include carrying the 
load, providing stiffness, strength, thermal stability, and other structural properties in 
the composites and providing electrical conductivity or insulation, depending on the 
type of fiber used [12, 27]. 
2.4.2 Nanocomposites 
Nanocomposites are a special class of materials originating from suitable 
combinations of two or more such nanoparticles or nanosized objects in some 
suitable technique, resulting in materials having unique physical properties and wide 
application potential in diverse areas. Novel properties of nanocomposites can be 
derived from the successful combination of the characteristics of parent constituents 
into a single material. Materials scientists very often handle such nanocomposites, 
which are an effective combination of two or more inorganic nanoparticles. To 
exploit the full potential of the technological applications of the nanomaterials, it is 
very important to endow them with good processability which has ultimately guided 
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scientists toward using conventional polymers as one component of the 
nanocomposites, resulting in a special class of hybrid materials termed “polymeric 
nanocomposites”. These materials are also intimate combinations (up to almost 
molecular level) of one or more inorganic nanoparticles with a polymer so that 
unique properties of the former can be taken together with the existing qualities of 
the latter. Many investigations regarding the development of the incorporation 
techniques of the nanoparticles into the polymeric matrices have been published. In 
most of the cases such combinations require blending or mixing of the components, 
taking the polymer in solution or in melt form [28]. Applications of nanocomposites 
include packaging applications for the military in which nanocomposite films show 
improvement in properties such as elastic modulus, and transmission rates for water 
vapor, heat distortion, and oxygen [25]. Another applications of nanocomposites are 
mechanically reinforced lightweight components, non-linear optics, battery cathodes 
and ionics, nano-wires, sensors and other systems [26]. 
2.5 Polypyrrole 
Among the conducting polymers, polypyrrole (PPy) is especially promising for 
commercial applications because of its good environmental stability, facile synthesis, 
and higher conductivity than many other conducting polymers. PPy can often be used 
as biosensors, gas sensors, wires, microactuators, antielectrostatic coatings, solid 
electrolytic capacitor, electrochromic windows and displays, and packaging, 
polymeric batteries, electronic devices and functional membranes, etc. PPy can be 
easily prepared by either an oxidatively chemical or electrochemical polymerization 
of pyrrole. However synthetically conductive PPy is insoluble and infusible, which 
restricts its processing and applications in other fields. The problem has been 
extensively investigated and new application fields have also been explored in the 
past several years. For example, PPy-based polymers can be used to load and release 
drugs and biomolecules. PPy-based polymer blends can protect the corrosion of 
metals. Because of the strong adhesion of PPy to iron or steel treated with nitric acid, 
PPy polymers can be used as good adhesives. In a recent report, PPy-modified tips 
for functional group recognition are applied in scanning tunneling microscopy [29]. 
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Figure 2.7 : Chemical structure of (a) pyrrole and (b) polypyrrole. 
2.5.1 Synthesis of polypyrrole 
Among other conducting polymers, PPy and its derivatives are of particular interest, 
owing to their high conductivity, stability in the oxidised state and interesting redox 
properties. The simplicity of the synthetic procedures and availability of the initial 
monomers are also attractive features of PPy. Chemical synthesis of PPy has a long 
history. Polypyrrole prepared by oxidation of the monomer with chemical oxidants 
has a form of black powder. Aqueous or anhydrous FeCl3, other salts of iron(III) and 
copper(II) are widely used as chemical oxidants. The use of halogens and organic 
electron acceptors as oxidants for PPy synthesis has also been reported. The yield 
and conductivity of the PPy produced are affected by a variety of factors, among 
which are the choice of solvent and oxidant, initial pyrrole/oxidant ratio, duration 
and temperature of the reaction. At the optimal ratio of Fe(III)/monomer which is 
2.4, the yield of PPy approaches 100%. Shorter times of polymerisation and lower 
temperatures (0 to 5 
o
C) result in enhanced conductivity of PPy produced. For PPy 
prepared by monomer oxidation with FeCl3 in various solvents (water, alcohols, 
benzene, tetrahydrofuran, chloroform, acetone, acetonitrile, dimethylformamide), the 
highest conductivity was observed for PPy prepared in methanol solution (190 Scm
-
1
). Controlled variation of the oxidising potential of the reaction medium [it was 
changed through the ratio of FeCl3 to FeCl2 and also using a binary 
acetonitrile/methanol solvent], provided a possibility to enhance conductivity of PPy 
to 220 Scm
-1
 in the former case and to 328 S cm
-1
 in the latter. When PPy is 
produced by oxidation in the presence of FeCl3, the polymer is doped with Cl
1- 
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anions; the overall reaction can be represented by the following stoichiometric 
equation where y is the degree of PPy oxidation (doping level). 
nC4H5N + (2+y)nFeCl3        [(C4H3N)n
y+
 nyCl
-
] + (2+y)nFeCl2 + 2n HCl             (2.4) 
In earlier works, the degree of PPy oxidation was determined from the Cl/N ratio 
using the data from elemental analysis. The Cl/N ratio varied from 0.21 to 0.34. In 
Ref. 19, the Cl/N ratio for PPy prepared from aqueous solution was 0.33 and 
substantially exceeded that for the polymer produced from methanol and AN. X-Ray 
photoelectron spectroscopy (XPS) revealed that chlorine atoms in the polymer are in 
three chemical states, namely, ionic, covalently bonded and an intermediate one; the 
latter is similar to the chloride anions in metal chlorides (including FeCl3 and FeCl2). 
It was noticed that when PPy was treated with solution of FeCl3 in nitromethane, the 
iron-containing FeCl4
-
 anions were incorporated in the polymer. Possibly, the 
intermediate species of chlorine is related to iron chlorides. In spite of the high 
concentration of incorporated chlorine, only a Cl/N ratio equal to 0.25 corresponded 
to y (25% of oxidised monomer units). Thus, the elemental analysis is insufficient to 
determine the true degree of PPy oxidation. 
The conductivity and stability of PPy powder produced by means of chemical 
oxidation were substantially improved. However, formation of PPy films or coatings 
on another material remained problematic. This problem was partially solved by PPy 
deposition from gas with FeCl3 used as an oxidant. This method provided a 
possibility of producing free film or PPy coatings having high mechanical properties 
on substrates of any shape [30]. 
Electrochemical polymerisation provides a number of advantages over chemical 
methods. The first is that the reaction product is an electroactive film attached to the 
electrode surface and having high conductivity. Second is that the yield in charge 
terms is close to 100%; this provides a possibility of controlling the mass and 
thickness of the film. And finally, the properties of the film produced can be 
controlled directly in the course of preparation. In electrochemical oxidation method, 
pyrrole and an electrolyte salt are dissolved in a suitable solvent and then the solution 
is subjected to oxidation, resulting in the growth of a conducting PPy film on the 
anodic working electrode. A research group manufactured free-standing PPy films 
with excellentelectrical and mechanical properties by the electrochemical method 
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[31]. Recently, electrochemically prepared PPy film doped with hexafluorophosphate 
exhibited considerably high conductivity of 2*10
-3
 Scm
-
 at room temperature [32]. 
Electropolymerisation of pyrrole can be performed in both aqueous and non-aqueous 
media, such as AN, propylene carbonate (PC), dichloromethane. However, with 
increasing nucleophilicity of solvent, the film growth is inhibited due to the 
interaction of solvent with the primary products of monomer oxidation. The film 
does not form in such nucleophilic aprotic solvents as dimethylformamide, dimethyl 
sulfoxide, hexamethylphosphoramide, unless the nucleophilicity of solvent is 
reduced by addition of a protic acid. Apart from that, the side reactions occurring on 
the film surface can affect EP in these solvents. Thus, a thick PPy film was prepared 
from a NaClO4 solution in dimethylformamide. An increase in the rate of EP was 
observed when the temperature decreased. This increase was explained by the 
relative inhibition of the side reaction of film passivation, which resulted in lower 
conductivity. The rate of EP grew with increasing concentration of ClO4
-
 anions that 
act as retardants for the passivating reactions in the electrolyte [30]. 
Electropolymerisation of pyrrole can be performed in various regimes, in particular, 
potentiostatic, galvanostatic, potentiodynamic, and pulsed one. The mechanical 
properties of the films, their morphology and electrochemical behaviour depend on 
the conditions of preparation, including the nature of solvent, pH of the electrolyte, 
the purity and concentration of the initial monomer, and the nature and concentration 
of electrolytic salt [30]. 
2.5.2 Polypyrrole-based composites 
The main disadvantages in PPy are poor thermal stability and poor processability in 
states of both melt and solution due to the nature of rigidity of its backbone. The 
rigidity of its chain originates from the presence of strong interchain interactions 
which greatly limits the application of PPy in many commercial fields. Therefore, 
various approaches have been utilized to make PPy processable such as modification 
of PPy backbone, preparation of stable colloidal dispersion of PPy particles in an 
aqueous or non-aqueous medium, use of polymeric or surfactant-type dopant anions, 
and preparation of composites and nanocomposites [33]. Here, some PPy-based 
composites was given as follows: 
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Armes and Maeda described the synthesis of PPy nanocomposite colloids using 
ultrafine silica or Ti(IV) oxide particles as particulate dispersants. It was found that 
only tin (IV) oxide sols act as effective particulate dispersants; the other oxide 
systems failed to prevent macroscopic precipitation of PPy. These PPy-tin (IV) oxide 
particles have a rather polydisperse „raspberry‟ morphology as compared to the 
relatively monodisperse „raspberry‟ morphology found for PPy-silica particles. The 
high density of tin (IV) oxide particles leads to PPy-tin(IV) oxide nanocomposites 
with significantly higher particle densities than PPy-silica nanocomposites. These 
nanocomposites are not as stable as PPy-silica colloids with respect to pH-induced 
aggregation, but their solid-state conductivities are higher by up to an order of 
magnitude. The highest conductivity obtained for PPy-tin (IV) oxide nanocomposites 
was 23S cm
-1
 [33].  
PPy-coated gold nanoparticles were synthesized within the microdomain of a diblock 
copolymer, providing an excellent means of formation of such dispersions. Diblock 
copolymers, owing to their ability to form microdomains and to associate in solution 
in the form of micelles, can provide small compartments inside which particles of a 
finite size can be generated and stabilized. Polystyrene-block-poly(2-vinylpyridine) 
(PS-b-P2VP), taken in toluene solution (0.5 mass %) was treated with 
tetrachloroauric acid (0.5 and 0.7 equivalent to 2VP units) which got selectively 
bound within the P2VP cores of the micelles. This solution was treated with pyrrole 
so that it diffused into the core of the micelles where polymerization was readily 
effected by HAuCl4, with simultaneous generation of Au nanoparticles and an in-situ 
formation of Au-PPy nanocomposite [28]. 
Tieke and Gabriel studied pyrrole–polyimide (PPy–PI) composite films. It was 
reported that the composite films had high electrical conductivity with thermal 
stability. The composite films were prepared either by electrochemical 
polymerization of pyrrole on a PI coated electrode (type I) or by exposing PI films 
containing ferric chloride as an oxidizing agent to pyrrole vapor (type II) [29]. 
Conductive pyrrole-polystyrene sulfonate (PPy–PSS) was chemically prepared using 
FeCl3 as an oxidant. The chemical formula proposed for conductive PPy–PSS is 
[(C4H3N)x+ C8H7 SO3
-
.y(H2O)]n, where x denotes the degree of oxidation,and y takes 
into account some hydration of ionic species. The method is based on the different 
precipitation rates of the two PPy-based polymers: PPy–PSS and PPy–Cl. In general, 
 
22 
chemical synthesis of PPy yields a conducting polymer that incorporates the anion in 
the reaction medium allows shorter reaction times to be used, and higher yield values 
of conductive material to be obtained [29]. 
A.U. Ranaweera and H.M.N Bandara prepared electronically conducting 
montmorillonite-Cu2S and montmorillonite-Cu2S-polypyrrole nanocomposites. 
MMT-Cu2S nanocomposite was prepared by cation-exchange approach and its 
conductivity was measured as 3,03×10-4 Sm-1. The polymerization of pyrrole was 
achieved berween the layers of MMT-Cu2S to obtain MMT-Cu2S-PPy 
nanocomposite. The characterisation was performed by XRD, FTIR anda c 
impedance measurements. The electronic conductivity was reported as 2,65 Sm
-1
 
[27]. 
Polyacrylonitrile(PAN)/Polypyrrole(PPy) and its derivatives composite thin films 
were prepared by polymerization of pyrrole, N-methyl pyrrole and N-phenyl pyrrole 
respectively on polyacrylonitrile matrix. Effect of concentration of pyrrole 
derivatives on the resulting polymeric film properties was investigated. The influence 
of the pyrrole derivative type and content on the dielectric permittivity, dielectric loss 
and electrical properties of the composite films were analyzed in the frequency range 
from 0.05 Hz to 10 MHz. For a selected concentration of 200 μl of composite films 
at 10
7
 Hz, the conductivity was found to be in the following order: PAN-PPy<PAN-
PNMPy<PAN-PNPhPy. Dielectric constant increase of the composite films is more 
obvious when the quantity of n-phenyl pyrrole is increased [34]. 
2.6 Poly(Acrylonitrile-co-Styrene) 
An injection-moldable copolymer of acrylonitrile and styrene which was produced in 
Germany in the 1930s also had a higher Tg than polystyrene (PS), and this Tg value 
was related to the AN content of the copolymer (SAN).  
SAN copolymers are characterized by excellent gloss and good thermal and chemical 
resistance.The dimensonal stbaility and heat resistance of SAN is improved by 
reinforcing with fiberglass. 
Olefin-modified SAN (OSA) is produced by the polymerization of styrene and 
acrylonitrile in the presence of an olefin elastomer such as EPM. OSA, which has 
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higher impact resistance than SAN, may be blended with acrylonitrile-butadiene-
styrene (ABS), polyvinyl chloride (PVC), or polycarbonate (PC). 
SAN is available both as an unfilled copolymer and with 20, 30, and 45 percent 
fiberglass. Some reinforced SAN composites are lubricated by silicones (2%). 
Composites with chopped and long glass fibers are available. Dow and Monsanto 
also market weather-resistant SAN [35]. Another uses of SAN include food 
containers, kitchenware, computer products, packaging material, battery cases and 
plastic optical fibers. Also, polyacrylonitrile and its copolymers can be used in textile 
aplications in nanofiber forms [36]. 
2.7 Dielectric Materials 
Dielectric materials - or, as they are also called, dielectrics - are such a media that 
has an ability to store, not conduct, electrical energy [37]. One of the important 
electrical properties of dielectric materials is permittivity. The real part (eps
‟
) of 
dielectric permittivity is called „dielectric constant‟ and its imaginary part (eps‟‟) is 
usually called „dielectric loss‟. For most materials, the dielectric constant is 
independent of the electric field strenght for fields below a certain critical field, at or 
above which carrier injection into the material becomes important. The dielectric 
constant depends strongly on the frequency of the alternating electric field or the rate 
of the change of the time-varying field. It also depends on the chemical structure and 
the imperfections (defects) of the material, as well as on other physical parameters 
including temperature and pressure, etc [38]. The dielectric parameter as a function 
of frequency is described by the complex permittivity in the form 
ε* (ω) = '( ) - "( )                                                                                            (2.5) 
where the real part '( ) and imaginary part "( ) are the components for the 
energy storage and energy loss, respectively, in each cycle of the electric field [39]. 
The investigation of the polarization and transport properties of polymeric samples of 
mixed character, where chains of a conducting polymer are embedded in a 
conventional (i.e. dielectric) polymeric matrix, has been subject of a growing interest 
in recent years [40]. For application of conducting polymers, knowing how these 
conducting polymer composites will affect the behaviour in an electric field is a 
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long-standing problem and is of great importance. But very little is known about the 
dielectric properties of conducting polymer associated with the conducting 
mechanism. Dielectric spectroscopy has been found to be a valuable experimental 
tool for understanding the phenomenon of charge transport in conducting polymers. 
Low frequency conductivity and dielectric measurements especially have proven to 
be valuable in giving additional information on the conducting mechanism that d.c. 
conductivity measurement alone does not provide [41]. 
2.8 Electrospinning and Nanofibers 
Conventional fiber spinning (like melt, dry and wet spinning) produce fibers with 
diameter in the range of micrometer. In recent years, electrospinning has gained 
much attention as a useful method to prepare fibers in nanometer diameter range. 
These ultra-fine fibers are classified as nanofibers. The unique combination of high 
specific surface area, extremely small pore size, flexibility ad superior directional 
strength makes nanofibers a preferred material form for many applications. Proposed 
uses of nanofibers include wound dressing, drug delivery, tissue scaffolds, protective 
clothing, filtration, reinforcement and micro-electronics. For example, carbon fiber 
hollow nano tubes, smaller than blood cells, have potential to carry drugs in to blood 
cells. A comparison of hair with nanofibers web is shown in figure 2.8. 
 
Figure 2.8 : Comparison of hair with nanofibers [42]. 
In the electrospinning process, a polymer solution held by its surface tension at the 
end of a capillary tube is subjected to an electric field. Charge is induced on the 
liquid surface by an electric field. Mutual charge repulsion causes a force directly 
opposite to the surface tension. As the intensity of the electric field is increased, the 
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hemispherical surface of the solution at the tip of the capillary tube elongates to form 
a conical shape known as the Taylor cone. When the electric field reaches a critical 
value at which the repulsive electric force overcomes the surface tension force, a 
charged jet of the solution is ejected from the tip of the cone. Since this jet is 
charged, its trajectory can be controlled by an electric field. As the jet travels in air, 
the solvent evaporates, leaving behind a charged polymer fiber which lays itself 
randomly on a collecting metal screen. Thus, continuous fibers are laid to form a 
nonwoven fabric. Figure 2.9 illustrates the electrospinning setup [43]. 
 
Figure 2.9 : Schematic setup for electrospinning procedure [44]. 
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3.  EXPERIMENTAL PART 
3.1 Materials 
Cerium (IV) ammonium nitrate (NH4)2[Ce(NO3)6] (CAN), cerium (IV) sulfate 
Ce(SO4)2,  potassium persulfate K2S2O8 (KPS), dodecyl benzene sulphonic acid 
sodium salt (DBSA), dimethylformamide (DMF), methanol (MeOH) and styrene (St) 
were purchased from Sigma-Aldrich. They were used without further purification 
and all chemicals were analytical grade. Acrylonitrile (AN) was supplied from Aksa, 
Turkey. Pyrrole (Py) was obtained from Sigma-Aldrich reagent. 
3.2 Chracterization 
The electrical measurements of composite films was performed at room temperature 
between 0,01 Hz and 10 MHz with Novocontrol Broadband Dielectric Spectrometer. 
A Perkin Elmer FTIR-ATR Spectrometer Spectrum One was used for spectral 
analysis. All reactions were monitored by using Perkin Elmer Lambda 45 UV-
Visible spectrophotometer in order to confirm polypyrrole formation. Composite 
film samples were fixed in the cell holder for UV-Visible measurements. Glass 
transition temperature of copolymer was measured with a differential scanning 
calorimeter (TA DSC-Q1000). XPS analysis was performed by SPECS model X-Ray 
photoelectron spectroscopy. Thermal behaviour of composite films were investigated 
by thermogravimetric analyzer (Setaram Labsys TGA/DTA). SEN-3000M model 
Mini-Scanning Electron Microscopy (SEM) and Nanosurf Easyscan2 STM model 
atomic force microscopy (AFM) were employed to observe the surface 
morphologies. Nanofibers were obtained by using electrospinnig apparatus consisted 
of a syringe pump (Ar-01 model, Goldman Syringe Pump, Inc., TURKEY) with a 
high-voltage direct current (DC) power supplier generating positive DC voltage up to 
50 kV DC power supply (ES50P model, Gamma High Voltage Inc., USA). 
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3.3 PPy/P(AN-co-St) Composite Thin Film 
3.3.1 Synthesis of copolymer (SAN) 
Styrene, acrylonitrile, DBSA (surfactant) as well as deionized water were added in a 
three-neck flask and emulsified by DBSA prior to polymerization. The emulsion 
copolymerization was carried out in a 100 ml three-neck flask, equipped with a 
reflux condenser, a stirrer, and a thermometer (Figure 3.1). A typical recipe in order 
to prepare the copolymer is shown in Table 3.1. Then the solution containing KPS 
and 10 g deionized water were added at room temperature. The reactor was 
maintained at 70
o
C in a thermostated water bath and the polymerization was carried 
out for 3 hours. The reaction was terminated by precipitating the copolymer in excess 
MeOH. The precipitate was washed with distilled water and dried in an oven to 
constant weight. The copolymer was characterized by FTIR-ATR and DSC. 
Table 3.1 : Recipe for emulsion copolymerization of acrylonitrile/styrene. 
 
Figure 3.1 : Experimental setup for copolymerization of acrylonitrile-styrene. 
                  
 
Ingredient St AN KPS DBSA Water 
Amount (g) 1.250 3.750 0.068 0.200 50 
70 
O
C 
Added MeOH 
Filter 
Washed with water 
Dry in an oven 
P(AN-co-St) 
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3.3.2 Preparation of conductive PPy/P(AN-co-St) composite film 
The certain amount of copolymer (polymerization conditions were given in section 
3.3.1) was dissolved in DMF and Py (i.e. 0.05, 0.10, 0.15, 0.20 M) was added to this 
solution and mixed for 1 hour at room temperature. After 1 hour, the initiator, CAN 
(25% total amount of pyrrole and CAN) was added to this solution in order to 
polymerize pyrrole at room temperature. When the initiator was added, the colour of 
the solution changed from colourless to dark green immediately which indicates 
formation of PPy and aggregation of PPy were not observed due to high oxidation 
potential of CAN [52]. After 3 hours, the solution was heated up to 85
o
C to evaporate 
excess DMF in order to obtain a viscous solution. Finally, the viscous solution was 
casted onto a 5-5 cm
2
 glass plate area (at 1 mm height) (Figure 3.2). The 
homogeneity of thickness of thin films was acquired by using 4-sided film applicator. 
The casted solution were dried in an oven for one day at 70
o
C to evaporate the 
solvent. Thickness of the films (≈ 30-50 μm) was measured by Mitutoyo Digimatic 
Outside Micrometer (MDC-25SB). The initially added amounts of monomer, 
copolymer, initiator and solvent is shown in Table 3.2. 
Table 3.2 : Recipe for conductive composite films. 
 
 
 
 
Sample SAN (g) Pyrrole (μl) CAN (g) DMF (ml) 
SAN/PPy 1 0.50 52 0.017 15 
SAN/PPy 2 0.50 104 0.034 15 
SAN/PPy 3 0.50 156 0.050 15 
SAN/PPy 4 0.50 208 0.067 15 
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Figure 3.2 : Preparation procedure of PPy/P(AN-co-St) composite thin film. 
3.4 PPy/P(AN-co-St) Composite Nanofiber 
3.4.1 Electrospinning of PPy/P(AN-co-St) 
The solution of P(St-co-An)/PPy (given in section 3.3.2) was loaded into a  syringe 
and a positive electrode was clipped onto the syringe needle, having an outer 
diameter of 0.9 mm. The feeding rate of the polymer solution was controlled by 
electrospinnig apparatus consisted of a syringe pump and the solutions were 
electrospun horizontally onto the collector that was covered with aluminum foil. The 
electrospinning conditions are given below: 
 Solution Concentration: 3wt%, 5wt% and 7wt%; 
 Applied Voltage: 21 kV; 
 Tip to Collector Distance: 10 cm; 
 Feed Rate: 2 ml/h. 
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Figure 3.3 : Polymerization mechanism of pyrrole with cerium (IV). 
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4.  RESULTS AND DISCUSSION 
4.1 PPy/P(AN-co-St) Composite Thin Film 
4.1.1 FTIR-ATR and UV-Vis. analysis 
The FTIR-ATR spectrum of poly(AN-co-St) is given in Figure 4.1. The bending 
vibrations were observed at 3059 cm
-1
, 3026 cm
-1
 for the aromatic C-H stretching, 
1602 cm
-1
 characteristic of the benzene ring of polystyrene, 2922 cm
-1
 for the 
aliphatic C-H stretching, and 2242 cm
-1
 for the nitrile group (CN) of acrylonitrile 
[45,46]. In order to confirm formation of copolymer, glass transition temperature was 
also deterrmined by using DSC. According to literature, homopolymer blends of 
PAN/PS are not miscible [47, 48], therefore if the copolymer can be synthesized 
instead of homopolymers, we expect to obtain one Tg value. Figure 4.2 demonstared 
copolymer formation under this explanation. 
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Figure 4.1 : FTIR-ATR spectrum of poly(acrylonitrile-co-styrene). 
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              Figure 4.2 : DSC spectra of poly(acrylonitrile-co-styrene). 
According to literature, DMF is a suitable solvent for polyacrylonitrile (PAN) which 
has a plasticizing effect and is capable forming complexes with PAN. The presence 
of DMF provides increased mechanical properties of composite thin films. 
Therefore, we investigated copolymer-solvent (DMF) interaction after film formation 
of SAN in DMF. The major characteristic IR band in DMF were C=O stretching 
(1660 cm
-1
), this peak shifted from 1660 cm
-1
 to 1667 cm
-1
 (Figure 4.3). There might 
be two explanation for this shift; one of them is, phenyl groups of styrene can 
interact either with free s-electron pair of nitrogen atoms or with those (s and p) of 
the oxygen atoms in DMF molecules [49]. Another one is, the relatively 
electronegative nitrogen atoms of acrylonitrile segments in polymer chain interact 
with electropositive nitrogen of OC-N of DMF which causes the blueshift (increase 
in frequencyof C=O stretching) [50]. 
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Figure 4.3 : FTIR-ATR results of poly(acrylonitrile-co-styrene) in 
                       DMF (a) and pure DMF (b). 
Effect of the pyrrole content on the composite films were also investigated by FTIR-
ATR and corresponding changes in absorbance values with pyrrole was evaluated. 
Figure 4.4 illustrates FTIR-ATR spectra of composite films after polymerization of 
pyrrole in the copolymer matrix. For the polypyrrole (PPy), the strong band which 
was obtained at 1316 cm
-1
 is due to C-H in plane vibration. The another peak 
observed at 1453 cm
-1 
corresponds to N-C ring stretching of polypyrrole. The other 
bands also show characteristic PPy absorbtion at 1100-1600 cm
-1
 [51, 52, 53]. As can 
be seen Figure 4.5, we obtained a linear relationship between absorbance ratios of 
certain functional group (cyano group of acrylonitrile) corresponding the initial 
monomer content. The absorbances of these bands at 1316 cm
-1
 and 1453 cm
-1
, 
increased by the increase in the amount of pyrrole. Hence, these might be evidence 
for the incorporation of polypyrrole into the composite structure. We also observed 
that absorbtion band which appeared at 1316 cm
-1
 may also depends on NO2 
asymetric vibration of the chelating bidentate nitrate ion with cerium (III) which 
overlap C-H in plane vibration of PPy and these can contribute to conductivity of 
composite films because [Cex(NO3)y]
-z
 act as a dopant [54, 55, 56]. In addition,the 
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absorption band appearing at 1667 cm
-1
 corresponds to C=O stretching of DMF was 
shifted to 1652 cm
-1
 in the presence of PPy might be due to ionic interaction between 
carbonyl oxygen atom of DMF (C=O group) having a partially negative charge and 
hydrogen atom of PPy (N-H group)  having a partially positive charge therefore the 
positive and negative charges are attracted each other in composite films. Under 
these explanation, a tentative mechanism can be proposed as seen in Figure 4.6. 
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Figure 4.4 : FTIR-ATR spectras of composite films after polypyrrole formation. 
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Figure 4.5 : Linear relationship between absorbance ratio and initially Py content. 
 
Figure 4.6 : Schematic view of tentavive interaction between DMF/PPy/SAN. 
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The optical absorption spectra of electrically conducting composites, containing 
different amounts of PPy are shown in figure 4.7 to confirm the growth of PPy in the 
copolymer matrix. The spectra exhibits two absorption bands at about 470 nm and 
the broad one above 600 nm, respectively, appointed to mid-gap transition and to the 
transition between valence and conduction bands. These peaks are characteristic for 
PPy absorption. Note that high-energy band (470 nm) was disappeared with the 
increase of PPy content due to the increase in the conjugation by cooperating double 
bonds in the polypyrrole chain [57, 58, 59]. 
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Figure 4.7 : UV-Visible spectrometer results of SAN/PPy composite films. 
4.1.2 Thermal, XPS and morphological analysis of composite film 
XPS analysis showed that the chemically prepared composite films with CAN, 
contains cerium at a different composition from 0.1 to 1.1 (wt%) but since the 
measurements were made surface of the film, the amount of cerium was not so 
consistent. On the other hand, these results can be an evidence, incorporation of NO3
-
 
ligand together with cerium ion to the composite films as a dopant. FTIR-ATR 
spectrum also support this along with the presence of a sharp peak at 1316 cm
-1
 due 
to the NO2 asymetric vibration of chelating bidentate nitrate ion which overlap PPy 
peak. The thermal stability of the virgin polymer matrix and their PPy composites 
were studied by TGA. Figure 4.8 exhibits the weight loss versus temperature 
 
39 
showing the thermal  behaviour of SAN, SAN/PPy 2 and SAN/PPy 4. The first 
weight loss occurs at temperature between 140
 
and 180 
o
C for all samples and it 
seems that solvent DMF was not removed during drying process due to interaction 
with PPy and copolymer matrix, which was evolved first. Another majority weight 
loss for pure SAN film happens in two steps starting at about 280 and 400 
o
C 
respectively. On the other hand after polymerization of PPy in copolymer matrix, 
weight loss temperature of SAN was shifted from 280 
o
C to 310 
o
C and derivative of 
weight loss at this temperature was increased by increasing of PPy formation. 
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Figure 4.8 : TGA thermograms of SAN, SAN/PPy composite films with initial Py 
content: (black line) pure SAN film, (red line) 0.01M Py, (green line) 
0.02M Py.  
Figure 4.9 shows derivative weight ratio between first decomposition and second 
decomposition which was constant. These results support FTIR-ATR and UV-
Visible measurement and confirm either incorporation of PPy into copolymer matrix 
or the interaction of PPy with copolymer matrix. In addition to these observation, 
decomposition of pure PPy starts at about 200 
o
C acording to literature, hence the 
thermal stability of pure PPy was improved by preparing PPy composites in 
copolymer matrix [26, 60]. 
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Figure 4.9 : Derivative weight graph (a). Linear relation between derivative weight 
ratio corresponding to initial Py content (b). 
Figure 4.10 shows SEM images obtained different magnification of the surface for 
the composite films with (c-d-e) and without (a-b) PPy in copolymer matrix. The 
SEM photograph (c-d-e) which contains PPy displays the formation of PPy particles 
within the SAN copolymer matrix. On the other hand, more smooth surface was 
obtained for pure copolymer (SEM image a-b). Therefore, it is obvious that PPy 
formation affected the morphology of the composite films, and thus, the surface 
morphology must greatly influence on the conductivity. AFM images support SEM 
images (inset figures-a,c) and roughness of the surface was increased after formation 
of PPy on copolymer matrix. 
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Figure 4.10 : SEM images of SAN film(a-b, 1k-2k) and SAN/PPy composite film 
                   (c-d-e, 1k-2k-3k) at different magnification. AFM images without  
                         PPy (a), with PPy (c). 
4.1.3 Electrical conductivity and dielectric behaviour 
Electrical conductivity measurements were carried out at room temperature. The 
frequency dependent electrical conductivities (AC conductivity) of composite thin 
films were represented in Figure 4.11. Linear correlation was observed between the 
absorbance values of CH in plane vibration peaks attained from FTIR-ATR and 
conductivities from dielectric spectrometer. In order to show correlation, the the 
absorbance and conductivity values of composite thin films are plotted as a function 
of the initially added pyrrole derivative concentrations as an inset images. The 
amount of the conjugated polymer governs the ability of conductive network 
formation which is indicated by increase in conductivity of the composite. Also, 
conjugated polymer/Cerium/matrix interactions (and partly DMF)  and physical 
properties of the matrix influence the homogenity of the dispersant phase which, in 
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turn, affects the dielectric and conductivity properties of the composites. Well 
dispersion of Cerium and PPy obtained by having conductive films were able to form 
a conducting network, which composites without a network of dispersant exhibit low 
dielectric parameters. 
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Figure 4.11 : AC conductivity of composite films SAN, SAN/PPy 1, SAN/PPy 3 
and SAN/PPy 4. 
The most important observation is that conductivity of composite films were higher 
than the virgin copolymer matrix. For example, conductivity of pure SAN film was 
measured to be about 3.1ˣ 10-8 S/cm 105 Hz which is an insulating material, where as 
for the composite it is 4.2ˣ 10-7 S/cm. It was also found that conductivity becomes 
larger by the increase of initially added Py. In addition, there were not much 
variation in the conductivity with frequency from 10
-2
 to 10
5
 Hz and then at 
frequency range of  10
5
-10
7
 Hz, an obvious increase in the composite thin films 
conductivity with frequency was observed ,which is a common behavior for 
polymeric and semiconductor samples [61]. The first trend depends on available free 
charges in the composite films, where as for the second region which is frequency 
dependent conductivity is due to trapped charges (formation of excess polaron and 
bipolaron- only active at higher frequency region) [61, 62, 63]. The dielectric 
behaviour of polypyrrole composite films was studied between 10
-2
-10
7
 Hz as well. 
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Figure 4.12 and 4.13 shows the dielectric constant (Ɛ ’) and dielectric loss (Ɛ ’’) graph 
for SAN/PPy composite films respectively. The dielectric constant and dielectric loss 
decreases with the increasing of frequency for all samples and also observed that, 
dielectric constant as well as dielectric loss values are higher for higher PPy content 
in the composite films. When the dielectric values is compared with conductivity 
values (Fig. 4.11) it can be seen that the behaviour is opposite. Another research 
group also had been found that observed similar trend in the dielectric behavior of 
PPy/Y2O3 and PPy-FeCl3/PVA composites [39, 62]. The high value of dielectric 
constant (Fig. 4.12) at low frequency as a result of interfacial polarization of the 
sample can be related to the charges growing on the boundaries at interfaces inside 
bulk samples [39]. The dispersion of conductive regions (PPy) inside an insulating 
polymer matrix (SAN) causes this situation according to literature [64]. The larger 
value of loss in dielectric behaviour (Figure 4.13) at low frequency may be due to the 
mobile charges (polarons and bipolarons) within the polymer backbone, additionally 
due to free ions (i.e. Ce
3+
) which increases at higher concentration of the dopant. 
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           Figure 4.12 : Frequency dependence dielectric constant of composite films. 
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               Figure 4.13 : Frequency dependence  dielectric loss of composite films. 
4.2 PPy/P(AN-co-St) Composite Nanofiber 
4.2.1 FTIR-ATR and UV-Vis. analysis 
The nanofiber of poly(acrylonitrile-co-styrene) was characterized by FTIR-ATR 
analysis. The major absorption bands for P(AN-co-St) are the CH bending of 
polyacrylonitrile (1453 cm
-1
), CH aromatic stretching of polystyrene (3059 cm
-1
 and 
3026 cm
-1
), CH aliphatic srtretching of polystyrene (2922 cm
-1
), and CN stretching 
of polyacrylonitrile (2245 cm
-1
). These results are agreement with literature [45, 46]. 
We also note that  DMF was removed completly from nanofiber which seems to be 
advantage of electrospinning method. 
In the presence of PPy, a new absorption band appeared at 1315–1320 cm-1, 
corresponding to the CH in plane vibration peak and its intensity increased by the 
addition of Py (Figure 4.14). The broad band from 1250 to 1400 cm
-1
 is attributed to 
C-H or C-N in plane deformation modes and from 1312 to 1318 cm
-1
 corresponds to 
C-H in the plane vibration band of PPy [65, 66, 67]. This is an indication of PPy 
incorporation into the electrospun nanofibers. The band observed at 1316 cm
-1
 
corresponds to CH in plane vibration for PPy. These results indicate that PPy 
formation can be followed by FTIR measurements in composites [36]. 
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Figure 4.14 : P(AN-co-St) and PPy/P(AN-co-St) nanofiber FTIR spectra. 
Figure 4.15 shows the relationships between the absorbance ratios of functional 
groups corresponding to the conjugated polymeric units and initial Py concentrations 
in the presence of Py. While initial fed Py amount was increasing, the absorbance 
ratio also increased. This absorbance increase in the nanofiber structure indicates that 
PPy is well dispersed in P(AN-co-St) matrix solutions by the use of Ce (IV). 
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Figure 4.15 : Absorbance ratio as a function of initially added Py concentration. 
For the inclusion of PPy, further support is obtained from the ultraviolet-visible (UV-
Vis) spectrums of PPy-P(AN-co-St). The solution of PPy/P(St-co-An) was 
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precipitated with excess MeOH and washed with  diluted nitric acide solution, 
afterwards water. Then, precipitation was dried in an oven and dissolved in DMF. 
UV-Visible measurement was obtained from this solution, whilst DMF was 
reference. The absorption band between 600–700 nm is obtained due to the presence 
of PPy in the matrix (Figure 4.16). 
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          Figure 4.16 : UV-Vis. spectra of PPy/P(AN-co-St) nanofibers solution. 
4.2.2 Morphological analysis of nanofiber 
The morphologies of nanofibers without PPy are presented in Figures 4.17 (a,c,e-1k 
and b,d,f-2k) at different magnification. According to the scanning electron 
microscope (SEM) images, the diameter of the P(AN-co-St) nanofibers are 
dependent on initially added copolymer concentrations in the reaction mixture 
(Figure 4.18). 
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Figure 4.17 : SEM images of P(AN-co-St) nanofibers with 3 wt% (a-b), 5 wt% (c-d) 
and 7 wt% (e-f) at different magnification. 
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When the weight percentage of the initially added P(AN-co-St) concentration varies 
from 3% to 7%, the average diameters of the nanofibers are increased from 360 to 
695 nm (Figure 4.18). 
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Figure 4.18 : Average diameters of nanofibers electrospun at different P(AN-co-St) 
concentration. 
 
According to SEM images, the diameter of PPy/P(AN-co-St) nanofibers were 
reduced by initially added Py concentration (Figure 4.19). The morphologies of 
PPy/P(AN-co-St) nanofibers are also characterized by SEM for 5 wt% (Figure 4.20). 
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Figure 4.19 : Average nanofiber diameters of nanofibers electrospun from 5 wt% 
P(AN-co-St) solutions at different Py concentrations. 
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Figure 4.20 : Scanning electron micrographs of electrospun nanofibers from a 
                       solution with 5 wt% P(AN-co-St) at different PPy contents: (a-b) 
                       6 wt%; (c-d) 16 wt%; and (e-f) 21 wt%. 
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When the weight percentage of the initially added Py concentration varies from 6% 
to 21%, the average diameters of the nanofibers are reduced from 494 to 434 nm 
(Figure 4.19). The effect of fiber diameter on the electrical conductivity of PEDOT 
nanofibers indicated an increase in conductivity as the fiber diameter decreases from 
260 nm to 140 nm. This could be attributed to the intrinsic fiber conductivity effect 
or the geometric surface and packing density or both, as a result of the reduction in 
fiber diameter [68]. The low average nanofiber diameters probably result from the 
relatively low molecular weight of conductive polymers [69]. Nanofibers have small 
average diameters when the solutions have higher conductivity [70]. The diameters 
of MWCNT-PAN nanofibers are decreased by increasing MWCNT concentrations. 
This reduction in diameters originates from the enhanced conductivity of the polymer 
solution with additional MWCNTs. It allows a large electric current during 
electrospinning and induces a large charge accumulation in the solution jet, resulting 
in strong electrostatic repulsion among the sprays. This repulsive force easily 
overcomes the surface tension of the jet to reduce diameters of the nanofibers [71]. 
Therefore, conducting polymer may act as a MWCNT and hence, the diameters of  
PPy/P(AN-co-St) based nanofibers are decreased by increasing PPy concentration.   
The nanofiber distribution in a unit area is increased by the addition of 21 wt% Py 
(compared to 6 wt% Py) (Figure 4.19). 
4.2.3 Thermo gravimetric analysis of nanofiber 
Figure 4.21 and 4.22 show TGA thermograms of nanofiber without and with PPy. 
Similar results were obtained as PPy/P(AN-co-St) composite thin films. However, 
loss temperature of DMF was not observed in nanofiber which indicates solvent can 
be removed by using electrospinning method. This result can be an evidence and 
suppors incorporation of PPy into nanofiber.  
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        Figure 4.21 : TGA thermograms of P(AN-co-St) nanofiber without PPy. 
 
 
             Figure 4.22 : TGA thermograms of P(AN-co-St) nanofiber with PPy. 
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5. CONCLUSION 
The first part of this research, conducting polymer composites of PPy/SAN were 
synthesized by the oxidative matrix polymerization of pyrrole by Ce (IV) in the 
presence of poly(acrylonitrile-co-styrene). The formation and incorporation of PPy in 
the copolymer matrix were confirmed by FTIR-ATR and UV-Visible 
spectrophotmetric measurements. Thermal analyses showed that the thermal stability 
of virgin PPy was improved by preparing PPy composite in copolymer matrix. XPS 
and FTIR-ATR analysis of composite films supported the idea of cerium salt with 
nitrate ion act as a dopant. The increase in the a.c. electrical conductivity of the 
PPy/SAN composites over pure SAN was observed, also a linear increasing 
relationship was obtained between absorbance values of CH plane vibration of PPy 
(initially added Py) and conductivity values. At lower frequency up to 10
5
 Hz, 
conductivity is independent of frequency; and at high frequencies between 10
5
-10
7
 
Hz, conductivity is dependent of frequency due to polaron and bipolaron form of PPy 
which is only active at high frequency region. We also note that dielectrical 
properties of  our composites was better than PPy/PAN composites due to presence 
of styrene. The dispersion of PPy particles in copolymer matrix was proven by SEM. 
In conclusion, composite thin films having PPy successfully introduced in SAN 
matrix which can be used for EMI shielding and absorbent panels. 
In the second part, PPy/SAN multi-fuctional nanofibers were obtained from a well 
dispersed reaction medium by applying electrospinning method. The presence of PPy 
into nanofiber was represented by spectrophotometric and thermal measurements. 
SEM images indicate that the diameters of PPy/P(AN-co-St) nanofibers were 
dependent on initially added Py concentration. The polymerization of Py might 
induce a large electric current during electrospinning and allows a large charge 
accumulation in the solution jet, therefore strong electrostatic repulsion among the 
sprays occurs. Thus, this repulsive force easily overcomes the surface tension of the 
jet to reduce diameters of the nanofibers. 
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APPENDICES 
 
APPENDIX A.1 : AFM images of PPy-P(AN-co-St) composite film and 
nanofiber. 
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APPENDIX A.1 
  
Figure A.1 : a-) P(AN-co-St) copolymer surface. b-) PPy-P(AN-co-St) composite 
surface. c-) P(AN-co-St) nanofiber surface. d-) PPy-P(AN-co-St) multi 
functional nanofiber surface..
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